glycogen and glucose metabolism, were increased. Digital PCR further showed that Idh1 and Aco1, enzymes involved in the TCA cycle, were also elevated. Additionally, enzymatic activities of TCA cycle and methylated DNA were increased. Iron chelation reversed these phenomena. In conclusion, iron activation of glucose metabolism causes an increase of 2-HG and DNA methylation.
Introduction
Myelodysplastic syndrome (MDS) is an acquired hematopoietic disorder caused by abnormalities in bone marrow stem cells and ineffective erythropoiesis, and is associated with a risk of transformation to acute leukemia [1, 2] . MDS patients suffer from chronic anemia and repeated red blood cell transfusions are required to sustain life. However, these transfusions may cause secondary iron overload, which eventually threatens their life due to liver dysfunction, heart failure, and infection [3] .
Currently, iron chelation therapy (ICT) is performed worldwide to prolong the prognosis of MDS patients who undergo repeated blood transfusions [4, 5] . In addition, ICT could prolong leukemia free survival (LFS) in patients with MDS [6] . Therefore, ICT may prevent the conversion of MDS to acute leukemia and prolong the prognosis of MDS. Furthermore, some patients with MDS and/or acute leukemia receive a favorable, or sometimes a complete, clinical response only by ICT [7] [8] [9] [10] [11] ; however, there are only a few such reported cases and it is not yet clear why ICT shows an anti-tumor effect.
In recent years, it was reported that the gene mutation of isocitrate dehydrogenase (IDH), the enzyme involved in the Abstract Iron overload remains a concern in myelodysplastic syndrome (MDS) patients. Iron chelation therapy (ICT) thus plays an integral role in the management of these patients. Moreover, ICT has been shown to prolong leukemia-free survival in MDS patients; however, the mechanisms responsible for this effect are unclear. Iron is a key molecule for regulating cytosolic aconitase 1 (ACO1). Additionally, the mutation of isocitrate dehydrogenase (IDH), the enzyme downstream of ACO1 in the TCA cycle, is associated with epigenetic abnormalities secondary to 2-hydroxyglutarate (2-HG) and DNA methylation. However, epigenetic abnormalities observed in many MDS patients occur without IDH mutation. We hypothesized that iron itself activates the ACO1-IDH pathway, which may increase 2-HG and DNA methylation, and eventually contribute to leukemogenesis without IDH mutation. Using whole RNA sequencing of bone marrow cells in iron-overloaded mice, we observed that the enzymes, phosphoglucomutase 1, glycogen debranching enzyme, and isocitrate dehydrogenase 1 (Idh1), which are involved in TCA cycle that converts isocitrate to α-ketoglutarate (α-KG), is associated with the development of certain gliomas [12, 13] and acute leukemias [14] [15] [16] [17] [18] . The gene product of mutated IDH forms a heterodimer with the wild-type IDH and changes the substrate binding site of IDH, which increases levels of 2-hydroxyglutarate (2-HG) with a concomitant decrease of α-KG [19] . α-KG acts as a substrate of the TCA cycle, whereas it is utilized in many other reactions including DNA demethylation [20, 21] . Recently, IDH mutation and the up-regulation of DNA methylation were also predicted to be independent prognosis factors in patients with MDS [22] [23] [24] [25] [26] [27] . Therefore, the mechanism of aberrant DNA methylation in patients with MDS is to be elucidated further.
Isocitrate, a substrate of IDH, is supplied from citrate by both cytosolic aconitase/iron responsive protein 1 (ACO1/ IRP1) and mitochondrial aconitase (ACO2). In the cytosol, IDH1 which is a cytosolic isoform of IDH produces and supplies α-KG into mitochondria. ACO1/IRP1 has different roles depending on the cellular iron state. During an iron deficient status, it acts as IRP1, which combines with an iron responsive element (IRE) that exists on the untranslated region of the ferritin and transferrin receptor mRNA and regulates the expression of genes associated with iron regulation [28] . However, during an iron overloaded state, the [4Fe-4S]-cluster combines with the central region of protein activity and acts as ACO1 to convert citrate to isocitrate in the TCA cycle [28, 29] . In turn, iron overload in the human erythroleukemia cell line K562 changes the expression and activity of enzymes involved in the TCA cycle (i.e., IDH and ACO1) [30] . Therefore, it seems that iron overload has an impact on enzymes involved in glucose metabolism.
From these reports, we hypothesized that iron overload itself in bone marrow cells may induce epigenetic abnormalities through the expression and activity of enzymes involved in cellular metabolism, particularly in the TCA cycle, which may eventually affect DNA methylation and exacerbate MDS and/or the progression of MDS to leukemia. In this study, we performed whole RNA sequencing in iron overloaded mouse bone marrow cells to evaluate changes in gene expression, especially those associated with cellular metabolism, and changes in 2-HG production and DNA methylation by iron. Furthermore, we examined how iron chelation affected DNA methylation in an iron overloaded state.
Materials and methods

Animals
Male C57BL/6 mice (Clea Japan, Tokyo, Japan) were randomly assigned into following three separate treatment groups at age 8 weeks, Control: PBS (100 μL/ head/day) was injected, Fe: iron dextran (10 mg/head/ day) (Sigma-Aldrich, St. Louis, MO, USA) was injected, Fe + DFO: once iron dextran (10 mg/head/day) was injected, then 6 h later, deferoxamine (DFO: 100 mg/kg/ day) (Abcam, Cambridge, England) was injected. These injections were intraperitoneally performed for 5 days. The mice were killed on the 6th day, and then bone marrow cells were collected from thighbones. Bone marrow smears were processed for Prussian blue staining. All animal experiments were approved by the Animal Experiments Committee of the Asahikawa Medical University (Hokkaido, Japan) based on the guidelines for animals protection.
Measurements of intracellular iron level in bone marrow
Bone marrow cells were lysed in 0.1 N nitric acid, and intracellular iron levels were measured by an atomic absorption analysis system (Hitachi Z-8100, Tokyo, Japan). The iron standard solution 100 mg/L (Wako, Osaka, Japan) was used as a standard.
Whole RNA sequencing
RNA was extracted from bone marrow cells using the PureLink RNA Mini Kit (Life Technologies, Carlsbad, CA, USA). Ribosomal RNA was then eliminated using the RiboMinus Eukaryote System (Life Technologies). The RNA was reverse transcribed to obtain cDNA library using the Ion Total RNA-Seq Kit (Life Technologies), and a sequence reaction was performed using the high throughput sequencer Ion Proton (Life Technologies). Whole RNA sequencing analysis was performed using the CLC bio Genomic Workbench (CLC bio, Aarhus, Denmark), and the reads per kilobase of exon model per million mapped reads (RPKM) was measured as gene expression levels.
Digital PCR analysis
cDNA was reverse transcribed from RNA extracted from the bone marrow cells using the high capacity cDNA Reverse Transcription Kit (Life Technologies). The copy numbers of mouse Aco1, isocitrate dehydrogenase 1 (Idh1), phosphoglucomutase 1 (Pgm1), and glycogen debranching enzyme (Agl) mRNA were then analyzed using a digital PCR system (QuantStudio 3D Digital PCR system, Life Technologies) with the TaqMan probe for mouse Aco1, Idh1, Pgm1, and Agl (Life Technologies).
Measurements of enzyme activity
Intracellular aconitase activity was measured using an Aconitase Assay Kit (Abcam), whereas intracellular IDH activity was measured using an Isocitrate Dehydrogenase Activity Colorimetric Assay Kit (BioVision, Mountain View, CA, USA). A multimode plate reader EnsPire (PerkinElmer, Waltham, MA, USA) was used for the analysis.
Analysis of intracellular metabolite production
Bone marrow cells were lysed in 0.1 N hydrochloric acid. Afterwards, whole organic acids in each sample were extracted by salting-out methods. Briefly, sodium chloride and ethyl acetate were added into the lysates. After centrifugation, the ethylacetate phase was collected. Finally, trimethylsilylating agents (Sigma-Aldrich) were added into the samples, and intracellular metabolite production was measured by gas chromatography mass spectrometry (GC-MS) using JMS-T100GCV (JEOL, Tokyo, Japan).
Quantification of DNA methylation
DNA was extracted from bone marrow cells using the DNeasy Blood & Tissue Kit (QIAGEN, Tokyo, Japan). The ratio of methylated cytosine to whole DNA was analyzed by Enzyme-Linked ImmunoSorbent Assay (ELISA) using the MethylFlash Methylated DNA Quantification Kit (Epigentek, Farmingdale, NY, USA). A multimode plate reader EnsPire (PerkinElmer) was used for the measurement.
Statistics
The Student's parried t test was used. A P value <0.05 was considered statistically significant.
Results
Change of iron status in bone marrow cells
We evaluated the changes in the iron status of bone marrow cells in the iron overloaded and chelated mice. According to the Prussian blue staining of bone marrow cells, the iron overloaded mice showed significantly stronger iron deposits than the control mice; however, iron chelated mice showed reduced iron deposits compared to iron overloaded mice (Fig. 1a) . Intracellular iron levels in the bone marrow were significantly higher in iron overloaded mice than the control group. However, the intracellular iron levels were significantly lower in iron chelated mice than the iron overloaded mice (Fig. 1b) . In our preliminary experiments, iron deposits were even observed 6 h later of single iron injection (data not shown). We have previously reported that the serum Non-transferrin bound iron (NTBI) was up-regulated in same mouse model [31] . It has not been clarified how the NTBI go into the cell until now. However, it is considered that NTBI go through the cell membrane more than transferrin bound iron. Therefore, iron overload by iron dextran treatment and iron chelation by DFO was sufficient and effective, respectively, in this mouse model.
Whole RNA sequencing analysis in bone marrow
After iron loading and chelation, whole RNA sequencing analysis was performed to evaluate any changes in gene expression in the mice bone marrow cells in the iron overload (n = 2), iron chelation (n = 2), and control (n = 2) groups. In total, the levels of 38124 mouse gene transcripts were analyzed. We then compared the gene expression changes of the control group versus the iron overload group and the iron overload group versus the iron chelation group. Of the 38124 gene transcripts, we focused on those whose absolute fold changes were >1.5, and observed changes in the expression levels of 9311 genes (6113 upregulated and 3198 down-regulated genes) when we compared the control and iron overload groups (Fig. 2a, pink and green areas). However, when the iron overload and iron chelation groups were compared (Fig. 2b, pink and green areas), changes in the expression levels of 11043 genes (5782 up-regulated and 5261 down-regulated genes) were observed. We then extracted those genes whose changes in expression were found to be significant (P value <0.05). As a result, 101 genes (46 up-regulated and 55 down-regulated genes) and 256 genes (81 up-regulated Fig. 1 Accumulation of iron in bone marrow cells. a Prussian blue staining of bone marrow smear samples. Blue dot staining was observed in the cytoplasm of iron overloaded bone marrow (Fe), which disappeared after iron chelation treatment (Fe + DFO). b Intracellular iron levels of bone marrow analyzed by atomic absorption spectrometry. Intracellular iron levels were significantly higher in samples that were iron overloaded (Fe) than the control (Cont), and iron chelation (Fe + DFO) canceled this effect. *P < 0.05, n = 10 and 175 down-regulated genes) were extracted from the comparison between the control and iron overload groups (Fig. 2a, pink area) and the iron overload and iron chelation groups (Fig. 2b, pink area) , respectively. We then focused on 22 genes whose expression were observed to overlap with the 2 comparison groups ( Fig. 2c; Table 1 ). Regarding the functions of these 22 gene products, 4 genes were directly associated with glycogen and glucose metabolism. These genes were Pgm1 and Agl, which are associated with glycogenolysis, and Idh1 and Idh3a, which are associated with the TCA cycle ( Table 1 ). All these genes were found to be increased in the iron overloaded state, but decreased after iron chelation. All 4 genes have specified roles in glucose metabolism, and, therefore, we hypothesized that the genetic expression of enzymes involved in glucose metabolism were most likely affected by iron overload in the bone marrow.
Gene expression changes associated with glucose metabolism
The mRNA of Pgm1 and Agl codes enzymes which produce glucose from glycogen, and the mRNA of Idh1 codes the rate-limiting enzyme of the TCA cycle. These gene expressions were significantly impacted by iron overload and chelation in bone marrow as a result of whole RNA sequencing analysis. Additionally, cytosolic aconitase (ACO1), which produces and supplies isocitrate to IDH in the TCA cycle, was also known to be activated by iron overload. Therefore, we tried to validate the changes in gene expression in these 4 genes by digital PCR analysis. The expressions of Aco1 and Idh1 were increased in the iron overloaded mice compared to controls, but significantly decreased in the iron chelated mice compared to iron overloaded mice (Fig. 3) . Pgm1 expression was slightly increased in the iron overloaded mice compared to controls, but no significant change was observed between the iron chelated and overloaded mice (Fig. 3) . Agl expression was significantly increased in the iron overloaded mice compared to controls, but no significant change was observed between the iron chelated and overloaded mice (Fig. 3) . Because the sensitivity of RNA sequencing analysis was lower than that of digital PCR analysis, the discrepancies were observed in the results of these two analysis. According to these results, Aco1 and Idh1, which are associated with the TCA cycle, were particularly affected by iron overload during glucose metabolism.
Enzyme activity changes of aconitase and isocitrate dehydrogenase
We then investigated how the changes in the mRNA expression of Aco1 and Idh1 by iron overload affect enzymatic activities. The mice bone marrow cells were lysed in optimized buffer for each assay. The intracellular activity of ACO and IDH were then enumerated by colorimetric assay. The bone marrow enzyme activities of both ACO and IDH were increased in the iron overloaded mice compared to controls, but significantly decreased in the iron chelated mice compared to those in the iron overloaded state (Fig. 4) . Therefore, iron overload in the bone marrow enhanced the enzymatic activities of both ACO and IDH, and these phenomena were reversed by iron chelation.
Changes in the production of metabolites in the TCA cycle
The activations of ACO and IDH enzyme activity suggested an over-production of intermediate metabolites in the TCA cycle. In addition, an imbalanced TCA cycle caused by gene mutations in enzymes such as IDH, succinate dehydrogenase (SDH), and fumarate hydratase (FH), has been reported to cause an accumulation of the aberrant metabolite 2-HG [32, 33] . We then evaluated the intracellular levels of α-KG and 2-HG, which are intermediate metabolites produced by ACO1-IDH activity in the TCA cycle, in the bone marrow lysates using GC-MS analysis. were significantly increased in the iron overloaded mice compared to the control group and decreased in the iron chelated mice compared to the iron overloaded mice. Pgm1 (n = 8) was slightly increased in the iron overloaded mice than the control, but there was no significant change between the iron chelated and overloaded mice. Agl (n = 8) was significantly increased in the iron overloaded mice compared to control, but there was no significant change between the iron chelated and overloaded mice. **P < 0.05, *P < 0.1 Fig. 4 Changes in the enzyme activity of ACO and IDH. Intracellular levels of ACO and IDH activities were measured by colorimetric enzyme activity assay. Both ACO (n = 10) and IDH (n = 10) activities of bone marrow cells were significantly increased in the iron overloaded (Fe) mice than the control group (Cont) and decreased in the iron chelated (Fe + DFO) mice compared to iron overloaded mice. *P < 0.05
Fig. 5
Changes in α-KG and 2-HG production. Whole organic acid was extracted from mice bone marrow samples and processed for GC-MS analysis. The total number of molecules per 109 cells was calculated based on the 2-HG standard data. Total intracellular α-KG and 2-HG levels were significantly increased in the iron overloaded (Fe) mice than the control group (Cont) and decreased in the iron chelated (Fe + DFO) mice compared to iron overloaded mice. *P < 0.05
The total level of intracellular α-KG was increased in the iron overloaded mice compared to controls, but significantly decreased in the iron chelated mice compared to iron overloaded mice (Fig. 5) . Furthermore, the total intracellular 2-HG level was also increased in the iron overloaded mice compared to controls, but significantly decreased in the iron chelated mice compared to those in the iron overloaded state (Fig. 5) . According to these findings, the supply of substrates in the enzymatic reaction of IDH and the activity of IDH itself were significantly up-regulated by iron.
Changes in DNA methylation by iron overload
It has been reported that an over-production of 2-HG caused by the IDH mutation induces hypermethylation of DNA and promotes carcinogenesis [14] [15] [16] [17] [18] [19] [20] . Therefore, we suspected that the over-production of 2-HG, which was induced by iron overload, resulted in hypermethylation of DNA even in the absence of an IDH mutation. Afterwards, we evaluated DNA methylation levels in the bone marrow by ELISA utilizing anti-methylcytosine specific antibody. We observed that the percentages of DNA methylation were increased in the iron overloaded mice compared to controls, but significantly decreased in the iron chelated mice compared to iron overloaded mice (Fig. 6 ). According to these results, iron overload activated the ACO1-IDH pathway, which resulted in an increase in the production of α-KG and 2-HG. The change in metabolite production correlated with each other; therefore, we hypothesized that increased 2-HG production in the iron overloaded state was a result of supplying isocitrate to IDH through the activation of ACO1 and increased activity of IDH, which resulted in an increase in DNA methylation even in the absence of an IDH mutation (Fig. 7) . Furthermore, these phenomena were reversible by iron chelation.
Discussion
In recent reports, it has been shown that ICT prolonged the leukemia free survival in MDS patients [6] , and patients with MDS and/or acute leukemia had remission by only ICT [7] [8] [9] [10] [11] . Both of these findings suggest a link between iron and leukemogenesis. Concerning the mechanism, DNA methylation is considered to be associated with the pathogenesis and exacerbation of MDS [23] [24] [25] [26] [27] . In this study, we first demonstrated that iron overload activated the ACO1-IDH pathway in the TCA cycle and led to increased 2-HG activity, which induced DNA methylation, a critical epigenetic aberration process. In the TCA cycle, ACO1 and IDH1, which are enzymes associated with glucose metabolism, were especially activated by iron overload.
Furthermore, these phenomena were canceled by iron chelation.
As previously indicated, ACO1/IRP1 has 2 different roles depending on the metabolism of iron. ACO1 is mainly present in an iron overloaded state, whereas IRP1 is present in the iron deficient state [28, 29] . Therefore, the activation of ACO1 seems to be increased by iron overload. IDH enzyme activity has also been reported to be activated by iron loading in human cell lines [30] . However, it was not clear whether the change of IDH activity resulted from ACO1 activation or from iron overload itself. Further studies are required to clarify these mechanisms.
Another issue to be resolved is how 2-HG was increased by iron overload and decreased by iron chelation in the present conditions. A typical explanation for the increase in 2-HG is the IDH gene mutation, which results in heterodimerization of IDH-mutated molecules and wildtype molecules [19] . Actually, the association between the mechanisms of carcinogenesis and 2-HG in glioma and acute leukemia were focused on the IDH mutation [12] [13] [14] [15] [16] [17] [18] . During IDH mutation conditions, the conversion from 2-HG to α-KG by 2-hydroxyglutarate dehydrogenase (2-HGDG) is not sufficient for the over-production of 2-HG, which results in an excess of 2-HG [34] . However, this was not a probable explanation for our current model of iron overload, because there were no IDH mutations in the C57BL/6 mice that were used for this study. The following explanations were predicted to understand the increment of 2-HG in a physiological condition without an IDH mutation: 2-HG was produced from α-KG by hydroxyacid oxoacid transhydrogenase (HOT) [35] , and 2-HG was converted to α-KG by 2-HGDG [34] . In addition, we determined that 2-HG was increased in bone marrow cells without an IDH mutation through the activation of the ACO1-IDH pathway by iron overload in this study. Therefore, we can hypothesize some mechanisms for the increase in 2-HG. First, the activation of ACO1 and IDH increases the production of isocitrate and α-KG. It is also possible that the insufficient conversion of α-KG to succinyl-CoA causes an increase in α-KG levels, which can increase the production of 2-HG by HOT. In this regard, we confirmed the increase of α-KG by iron overload. Next, while NADP acted as a coenzyme in the conversion of isocitrate to α-KG [19] , NADPH acted as a coenzyme for the conversion of α-KG to 2-HG [19] . The balance of NADP/NADPH plays an important role in 2-HG production. Therefore, it is possible that cellular iron overload disturbs the NADP/NADPH balance and causes an increase in 2-HG production. Finally, there was a possibility that the activity of 2-HGDG was decreased by iron overload, which can inhibit the conversion of 2-HG to α-KG. Further studies are necessary to describe the mechanisms that contribute to the increase in 2-HG levels.
The differences in the increase of 2-HG levels between the IDH mutation models and our iron overloaded model need to be further clarified. While it was reported that 2-HG was increased 10-to 100-fold in patients with an IDH mutation [14] [15] [16] [36] [37] [38] [39] [40] [41] , 2-HG was only increased twofold in the iron overloaded mice compared to the control group in this study. From these results, we considered that DNA methylation accumulated by the long-term exposure of 2-HG in bone marrow cells was associated with leukemogenesis even during small increase in the levels of 2-HG compared to cases with an IDH mutation.
In this study, we demonstrated that iron overload activates the ACO1-IDH pathway, increases 2-HG levels, and results in DNA hypermethylation. From our study, we hypothesized that iron overload resulted in the increase of 2-HG production and DNA methylation by the activation of ACO1-IDH pathway in patients with MDS or acute leukemia despite the presence or absence of an IDH mutation. Consequently, ICT for iron overload might decrease DNA methylation through the control of the ACO1-IDH pathway, and might be effective for patients with MDS or acute leukemia. In this regard, the extent to which DNA methylation was accelerated by iron overload was not clear. Furthermore, it was not clear whether the increase of 2-HG and DNA methylation resulted from iron overload in patients without an IDH mutation. Additional studies are needed to clarify these issues.
Furthermore, the iron overloaded state is prolonged in MDS patients because of blood transfusions that lasted for a long time; however, a short-term model for iron overload was used in this study. Therefore, future studies should be conducted to compare long-and short-term iron overload mice models and specifically evaluate the amount of DNA methylation.
In conclusion, DNA methylation was increased by iron overload through the increase of 2-HG in mice without an IDH mutation; this effect was inhibited by iron chelation. Therefore, ICT in transfusion-induced iron overload prevent not only cellular iron toxicities but also epigenetic tumorigenesis through the intervention to DNA hypermethylation by iron.
